Noble gas isotopic ratios in mantle-derived samples require variability in the timeintegrated ratio of volatile to lithophile elements in the Earth. Documentation of mantle 3 He/ 4 He variability is becoming increasingly complete, but for the heavier noble gases, the picture is still partly clouded by the effects of atmospheric contamination of mantle samples. Nevertheless, clear variations in mantle Ne, Ar, and Xe isotopic ratios exist, are apparently correlated with 3 He/ 4 He, and may be the product of varying degrees of mantle degassing. However, uncertainties in noble gas geochemical behavior and several conflicting observations leave open other possibilities. Recent Ne isotopic data are particularly important because they require that the atmosphere has not been closed to exchange with space. Derivation of much of the atmosphere from a source other than degassing of the mantle is a strong possibility that complicates efforts to model the geochemical evolution of the Earth.
INTRODUCTION
The isotopic and elemental abundances of the noble gases in terrestrial materials provide unique insights to the degassing history of the Earth, the origin of the atmosphere, and the chemical heterogeneity of the mantle. These elements comprise a family of chemically inert species whose physical properties vary systematically, making their geochemical behavior easier to predict than that of the major volatiles carbon and nitrogen. In addition, many noble gas isotopes are produced by nuclear processes within the Earth, yielding measurable isotopic variations that convey information on the timing and mechanism of the geochemical evolution of the planet.
FARLEY & NERODA
The composition of the atmosphere is distinct from that of the solar nebula, requiring its derivation from a more chemically evolved source, possibly the solid Earth (Brown 1952) . The discovery that the nonradiogenic isotope 3 He emanates from mid-ocean ridges provided the first demonstration that terrestrial degassing is both incomplete and ongoing (Clarke et al 1969; see also Mamyrin et al 1969) . Because the mantle is not completely devoid of volatiles, degassing and atmosphere formation processes are likely recorded by the composition of mantle volatiles. For more than 25 years, investigators have attempted to understand these processes through noble gas isotopic analyses of mantle-derived rocks.
Recent progress in this field has arisen from expanded sample coverage and improvements in analytical techniques that now permit high quality isotopic analyses of all of the noble gases on a single aliquot. In addition, serious problems associated with sample quality that compromised many early analyses are now recognized and can sometimes be corrected for. Here we present a summary of the noble gas data in mantle samples and discuss its implications. For some isotopic systems, a richly detailed picture has emerged, while for others, significant uncertainties remain. Some of these data seem to confirm early ideas regarding planetary differentiation, but others are puzzling and potentially require profound reinterpretations of our understanding of mantle and atmosphere evolution and the relationship between the two.
GEOCHEMISTRY AND ISOTOPIC SYSTEMATICS
The noble gases are chemically inert, and their abundances within Earth materials are modified only by radioactive decay and physical processes such as melting and vapor-phase transport. During mantle melting, the noble gases likely partition into the melt, with this tendency decreasing with atomic number. For He, the olivine/basaltic melt K d is probably <0.008 (Marty & Lussiez 1993 , Hiyagon & Ozima 1986 . Partition coefficients for the heavier noble gases are more poorly known. For example, K d estimates for Ar range from <0.003 to 7, and for Xe from <0.3 to as high as 90 (Hiyagon & Ozima 1986 , Broadhurst et al 1992 , Marty & Lussiez 1993 . Although the lowest K d s are consistent with a major role for magmatic outgassing in the formation of the atmosphere, the highest values would imply that magmatic processes are an inefficient mechanism by which to outgas the Earth. These unsatisfyingly discrepant results likely arise from the difficulty of measuring very small quantities of the noble gases dissolved in silicates that may also carry adsorbed and inclusion-borne components. How the uncharged and comparatively large noble gas atoms are housed in mineral matrices is unclear. Defects may play a prominent role. If so, standard laboratory techniques may be inappropriate 192 FARLEY & NERODA those associated with planetary outgassing and atmosphere formation, so mantle noble gas isotopic variability is usually interpreted in terms of the extent and timing of planetary outgassing. While qualitatively reasonable, uncertainties in partition coefficients complicate the picture because it is unclear in what direction mantle melting fractionates parent/daughter ratios. Additional uncertainty arises from the potential transport of noble-gas-rich (parent-poor) fluid phases, whose existence in the mantle is suspected but not well documented (e.g. Menzies & Hawkesworth 1987) . Finally, only little is known of the behavior of noble gases during core formation (Matsuda et al 1993) .
Most radiogenic noble gases are produced directly or indirectly by the decay of just three elements: K, U, and Th. These elements do not fractionate strongly from each other during most mantle processes (Jochum et al 1983) , and they have comparably long half-lives. Given the geochemical similarity of the daughter elements, this fact suggests there should be strong correlations among radiogenic noble gas isotopic ratios in mantle materials.
Unlike traditional "stable isotope ratios," which typically vary over tens of per mil, noble gas isotopic ratios vary over a few percent to orders of magnitude. Some mass fractionation associated with physical processes probably occurs, but for most isotopic ratios it is insignificant.
MANTLE NOBLE GASES

Samples
There are serious restrictions on mantle-derived materials suitable for noble gas analysis. Although geothermal gases can be highly enriched in mantle-derived noble gases, with the exception of He, the mantle component is difficult to detect in the presence of admixed atmospheric gases. Whole rock volcanic samples are not useful either because they are highly outgassed during emplacement. Basalt glass in submarine and occasionally in subglacial environments is quenched at sufficiently high pressures that magmatic outgassing of noble gases has not been complete. Fresh basalt glass is ideal for noble gas studies, but alteration, diffusion, and post-eruptive radiogenic ingrowth limit the age of suitable samples to less than a few million years. Olivine, pyroxene, and diamond crystals also carry mantle noble gases, within inclusions of fluid and melt. These phases preserve recognizable noble gas signatures for at least a few million years and, especially in the case of diamonds, possibly for much longer. However, samples older than a few million years often suffer ingrowth of radiogenic and cosmic-ray spallogenic noble gases for which correction is impossible; most samples suitable for noble gas analyses are young (<10 Ma). In contrast to other radiogenic isotope systems (e.g. Sr, Nd, Pb, Os), noble gas studies are largely restricted to materials recently extracted from the mantle.
Helium
Helium holds a special place in mantle geochemistry studies. Because of its low atomic weight, He is the only element not presently retained by the Earth's gravitational field, so its atmospheric abundance is extremely low. As a result, air contamination effects that plague Ne-Ar-Kr-Xe analyses (see below) are absent for He. In addition, the isotopic variability in mantle samples is enormous. Relative to the atmospheric 3 He/ 4 He ratio of 1.39 × 10 −6 (commonly denoted as R A ), mantle samples range from about 3 to 30 times higher (3 to 30 × R A , or simply 3 to 30 R A ). (Helium isotope ratios are commonly reported as the ratio of nonradiogenic 3 He to radiogenic 4 He, unlike other radiogenic isotope ratios in which the nonradiogenic isotope is the denominator.)
A great deal of data on the He isotopic composition of volcanic materials has been published over the years, providing what is probably a fairly complete representation of the variability in mantle 3 He/ 4 He, at least to the extent that such variability is expressed at the Earth's surface. For interpreting the evolution of the mantle-atmosphere system, the most important volcanic settings are midocean ridges, which are believed to sample the uppermost mantle, and ocean islands, derived from mantle plumes that sample other and possibly deeper portions of the mantle. Although He isotope data are also available for convergent margins and continental volcanic provinces, these environments are potentially subject to complicating shallow-level effects and are not discussed here.
The variability in He isotope ratios in ridges and ocean islands constrains the time-integrated 3 He/(U+Th) ratio of various parts of the mantle and, equally importantly, provides a framework for interpreting the heavier noble gas data. Such a framework is of value because heavier noble gas data are both much more limited and are frequently less reliable. Given our expectation that noble gas isotopic ratios should be correlated, the He isotope framework guides selection of key sampling localities for heavier noble gas work, aids in identification of atmospheric contamination effects, and plays a critical role in the interpretation of the heavier noble gas data.
The mid-ocean ridge source is by far the best-studied mantle environment because quenched basalt glasses are ubiquitous and are readily analyzed. Midocean ridge basalt (MORB) He isotope ratios range from 6 to 16 R A , with the distribution strongly peaked at 8 R A (Figure 1 ). The general interpretation of this distribution is that the MORB mantle carries rather uniform 3 He/ 4 He ratios in the range 7-9 R A , but the MORB source may be modified to apparently "anomalous" values as a result of input from other sources. Most commonly, these anomalous ratios are attributed to involvement of a component derived from a nearby hotspot. For example, the He isotope ratios along the ridges north and south of Iceland are uniformly higher than other North Atlantic MORBs. The ratios rise approaching Iceland (Poreda et al 1986) , and ratios on Iceland itself are even higher (to 28 R A ; Condomines et al 1983, Kurz et al 1985) . As demonstrated by 3 He/ 4 He of ∼11 R A in Easter microplate basalts, offaxis plumes can also influence MORB He (Poreda et al 1993) . Similarly, interactions with nearby hotspots carrying low 3 He/ 4 He ratios (see below) can lower MORB ratios below the strong 8-R A peak, at least slightly (Graham et al 1992b) . Although the exact nature of the interaction between MORB and plume components is uncertain, the close spatial proximity and similarity in isotopic composition leave little doubt that many of the anomalous He ratios in MORBs far from known hotspots. For example, ratios up to 11 R A occur at 16
• S on the East Pacific Rise (Mahoney et al 1994) , and values as low as 6.2 R A are found at 33
• S on the Mid-Atlantic Ridge (Hanan et al 1992) . These unusual ratios coincide with other distinctive chemical and isotopic characteristics and have been attributed to passive entrainment of small isotopically distinct bodies (blobs) within the upper mantle MORB source. Their ultimate source may be the same reservoir responsible for ocean island volcanism (Graham et al 1996) .
The sharply peaked 3 He/ 4 He distribution observed in normal MORBs in Figure 1 indicates that the upper mantle has a strikingly uniform 3 He/ 4 He ratio of about 8 R A . In the following discussion we refer to values between 7 and 9 R A as the normal MORB range. An important implication of the sharply peaked MORB distribution is that, because the particular value of 8 R A is not preferred for any obvious reason, it is likely to be unique to the MORB reservoir. Therefore a measured 3 He/ 4 He ratio of 8 R A may be diagnostic of a component derived from the MORB source, or at least He that is in communication with that source.
In contrast to the uniformity observed in most MORBs, He isotope ratios in ocean island basalts (OIBs) vary from ∼4 to ∼32 R A (Figure 2 Figure 2 exhibits a peculiar double-peaked distribution, with maxima at 8 and 13 R A , separated by a pronounced minimum at about 10 R A (Craig 1990) .
As shown in Figure 3 , lavas from individual ocean island volcanos span a large range in 3 He/ 4 He. However, as first noted by Craig (1990) , this variability is systematic. Each volcano is characterized by ratios either exclusively greater than or equal to the MORB ratio, or exclusively less than or equal to the MORB ratio. This tendency is shown in Figure 3 He ratios are commonly thought to be carried by mantle plumes rising from a deep portion of the mantle (possibly the lower mantle or even the core mantle boundary). This source must have a higher time-integrated 3 He/(U+Th) ratio than the MORB mantle and so is commonly considered to be a less degassed reservoir. A deep mantle source is consistent with most conceptions of plume formation and potentially provides a region to isolate high 3 He/ 4 He mantle from convective mixing with the lower 3 He / 4 He MORB source.
3 He/ 4 He variability is often taken as the strongest evidence for a layered mantle (Kaneoka et al 1983 , Allegre et al 1983 . A genetic relationship between a plume and high 3 He/ 4 He ratios has recently been demonstrated on Iceland, where seismic tomography suggests a hot zone upwelling from a depth of at least 400 km (Wolfe et al 1997) . The highest 3 He/ 4 He ratios observed in the Iceland neovolcanic zone occur where the imaged plume intersects the lithosphere. (Rison & Craig 1983 , Honda et al 1993 , Hiyagon et al 1993 , 19. Kilauea , Rison & Craig 1983 , Honda et al 1993 , 20. Mauna Loa (Kurz et al , 1987 (Kurz et al , 1996 , 21. Mauna Kea (Kurz et al 1996) , 22. Hualalai , 23. Mahukona (Garcia et al 1990) , 24. Haleakala (Kurz et al 1987) , 25. Koolau (Roden et al 1994) , 26. Kauai (Rison & Craig 1983 , Mukhopadhyay et al 1996 , 27. Niihau (Rison & Craig 1983) , 28. Gough, 29. Tristan da Cunha (Kurz et al 1982 ), 30. St. Helena (Graham et al 1992a , 31. Canary Islands, 32. Madeira (Vance et al 1989) , 33. Sao Miguel (Kurz et al 1997 ), 34. Iceland (Condomines et al 1983 , Kurz et al 1985 , 35. Jan Mayen (Kurz et al 1982) , 36. Prince Edward (Kurz et al 1982) , 37. Reunion , Graham et al 1990 , 38. Grand Comores (Kaneoka et al 1986; H Craig, unpublished He source in hotspot volcanism. Within the Hawaiian chain, by far the highest 3 He/ 4 He ratios occur at Loihi Seamount , Rison & Craig 1983 , the juvenilestage present-day manifestation of the Hawaiian hotspot. In contrast, the large shield volcanos have lower 3 He/ 4 He ratios, and where detailed data exist, the 3 He/ 4 He ratios are seen to decline with time to a value indistinguishable from MORBs (Kurz et al 1987 , Kurz & Kammer 1991 . These observations have been attributed to a systematic transition from a high 3 He/ 4 He plume-dominated source to one dominated by the MORB mantle as volcanos grow and migrate away from the location of a fixed plume. This would explain the prevalence of MORB-like 3 He/ 4 He ratios in the OIB database (see Figure 3 )-MORB helium is a mixing endmember. 3 He concentration samples may also exist in the overall OIB database (Figure 2) . Assessment of the role of crustal gases in the generation of low 3 He/ 4 He ratios in OIBs warrants further investigation, and the caution issued by Hilton et al (1995) -that low He concentration samples may be suspect-should be carefully considered. Nevertheless, the presence of 3 He/ 4 He ratios < 7 R A in some MORB glasses (to 6.2 R A , Hanan et al 1992) provides strong evidence for low 3 He/ 4 He ratios in the mantle, at least as sampled at ridges, because it is difficult to envisage how crustal gases could play a role in such an environment.
A surprising feature of the OIB distribution shown in Figure 2 is the near absence of samples at ∼10 R A (Craig 1990) . If the variability in 3 He/ 4 He ratios reflects mixing between three components-a high 3 He/ 4 He source (>30 R A ), the MORB source (∼8 RA), and a low 3 He/ 4 He component derived either from the mantle or crust-it is not clear why a minimum occurs at an intermediate ratio. Given the large OIB He database, both in terms of number of samples and number of volcanos, this observation appears to be robust, although it is possible that this signal arises from oversampling of a few volcanos such as Reunion. We are aware of no explanation for this puzzling aspect of the distribution.
Heavier Noble Gases: The Veil of Atmospheric Contamination
The atmosphere is a serious source of contamination of the heavier noble gases in mantle-derived samples. Replicate Ne, Ar, and Xe analyses of basalt glasses, ocean island phenocrysts, and peridotite xenoliths invariably define apparent mixing trajectories passing through the atmospheric composition, suggesting heterogeneous addition of an air-like component to an isotopically distinct (mantle) composition (e.g. Fisher 1983 , Marty et al 1983 . This might indicate the existence of a second mantle component with air-like isotopic ratios, but this seems unlikely because (a) it is difficult to see how this component could maintain a heterogeneous distribution from grain to grain in individual samples against diffusive equilibration at mantle temperatures, (b) this component must carry no He because despite variability in the heavier noble gases in the replicates, He isotope ratios are constant, and (c) its presence is not correlated with presumed mantle source regions. In contrast, all of these observations are expected for late-stage addition of atmospheric gases. The origin of the atmospheric contaminant remains uncertain, but it is probably added shortly before eruption (Marty et al 1983 , Jambon et al 1985 , Patterson et al 1990 , Farley & Craig 1994 .
Atmospheric contamination complicates characterization of the heavier noble gases in the mantle. Many samples yield nearly air-like isotopic ratios of these gases, probably from pervasive contamination. Samples with low mantle noble gas concentrations (as indicated by He, which is almost always exclusively mantle derived) are especially prone to this effect. For this reason, only a fraction of the samples studied for 3 He/ 4 He are useful for the heavier noble gases. In general, OIB samples have lower mantle noble gas contents, and hence they are more affected by contamination than are MORB glasses.
The effect of air contamination is such that measured Ne, Ar, and Xe isotopic ratios are lower limits to the composition of the mantle. Incremental outgassing sometimes isolates a less contaminated composition (e.g. Marty et al 1983) , presumably because the mantle and atmospheric components are sited differently. Similarly, the brute force approach of replicate analyses is frequently used (e.g. Poreda & Farley 1992) . In the case of neon, isotopic deconvolution (see below) can be used to quantify the extent of air addition and to correct for it (Honda et al 1991 , Farley & Poreda 1993 . For the other noble gases, correction is difficult or impossible.
Neon
Perhaps the most important recent development in the noble gas field is confirmation of non-atmospheric neon in mantle-derived rocks. Although earlier work suggested the possibility (Craig & Lupton 1976 , Poreda & Radicati di Brozolo 1984 , high precision analyses of diamonds (Honda et al 1987 , Ozima & Zashu 1988 and MORB glasses (Sarda et al 1988) (Figure 4) . The "MORB array" is most readily interpreted as the result of air contamination of a MORB composition lying at or beyond the high end of the array. By analogy to the uniformity of 3 He/ 4 He ratios in MORBs, it is generally assumed that the MORB source can be described by a single Ne isotopic composition. However, given the fairly large uncertainties in neon measurements and the presence of atmospheric contamination, this conclusion cannot be proven. The scatter in the MORB Ne data relative to the air-mixing line hints at source heterogeneity, but further high precision analyses are required for a critical assessment.
Ne isotopic enrichments have also been found in high 3 He/ 4
He materials, most significantly in Loihi Seamount glasses (Honda et al 1991 , Hiyagon et al 1992 , Valbracht et al 1997 and in xenoliths from Samoa (Poreda & Farley 1992) . These samples do not plot on the MORB array in Figure 4 but on distinct and steeper trajectories. The individual isotopic arrays each have a characteristic slope rising from the atmospheric point to a 20 Ne/ 22 Ne ratio of ∼12.5. Again these arrays are most easily attributed to air contamination, but the mantle sources sampled in these settings must have isotopically distinct Ne. As shown in Figure 4 , the slope of these arrays is positively correlated with the associated 3 Ne enrichments are more difficult to explain because no known nuclear reaction can substantially modify this ratio in the atmosphere or in the mantle. The distinction between MORB and Loihi Ne led Honda et al (1991) Ne ratios of mantle sources free of the atmospheric overprint. The ability to correct for atmospheric contamination arises from the fact that the 20 Ne/
22
Ne ratio of the mantle is distinct from that of the atmosphere, and this distinction cannot Figure 4 Ne isotope ratios in MORB and OIB samples. Analyses from a given setting define air-mixing trajectories with mantle components having 20 Ne/ 22 Ne up to ∼13. Both panels show the MORB correlation line of Sarda et al (1988) ; the lower panel also shows the correlation lines for Loihi-Kilauea (L-K, Honda et al 1991) and two suites of Samoan xenoliths (Poreda & Farley 1992) . The slope on this diagram is correlated with 3 He/ 4 He (shown on figure at 20 Ne/ 22 Ne = 13, in R A units). The open square is the atmospheric composition. The shaded band indicates various estimates of the 20 Ne/ 22 Ne ratio with which the Earth accreted (Honda et al 1991 , 1993 , Farley & Poreda 1993 ). Data are from Sarda et al 1988 , Marty 1989 , Hiyagon et al 1992 , Honda et al 1991 , Poreda & Farley 1992 . Samples with air-like compositions have been excluded. Figure modified after Porcelli & Wasserburg (1995a [Honda et al (1991) assume a solar value of 13.6], then any lower ratio measured in mantle samples must be due to addition of air with a ratio of 9.8. In effect, the uncontaminated mantle 21 Ne/ 22 Ne ratio for any given sample can be derived by extending a line from the atmospheric point through the measured composition in Figure 4 . Ne produced by radioactive decay in the mantle will be nearly constant, with a best estimate of 0.5-1 × 10 7 (Kyser & Rison 1982 , Hunemohr 1992 , Yatsevich & Honda 1997 . Given coherent behavior of He and Ne during mantle processing, the parent/daughter ratios will scale together, which will lead to a correlation between He and Ne isotopic ratios. Patterson et al (1994) have demonstrated that the correlation between He and Ne isotopic ratios is very strong. Given the known production ratio 4 Ne ratio (Sarda et al 1988 , Marty 1989 Ar (another ratio unaffected by decay), which suggests that Ar was unaffected by the putative hydrodynamic escape. Unfortunately it is not possible to use this as a test for the occurrence of Ne fractionation because the expected degree of fractionation of the two elements is again model dependent; under some conditions Ne can be severely fractionated without affecting Ar (Zahnle et al 1990) .
Argon
Next to He, the largest published data base for the noble gases is for Ar. In MORBs, measured 40 Ar/ 36 Ar ratios range from slightly above the atmospheric value (295.5) to as high as 40,000 ( Figure 5 ; Sarda et al 1985 , Burnard et al 1997 . These results require that the MORB mantle be characterized by extremely radiogenic 40 Ar/ 36 Ar ratios, with the value of 40,000 providing a reasonable lower limit in the presence of potential air contamination. The He source is more poorly known. The earliest analyses of Loihi Seamount glasses indicated nearly air-like ratios (Allegre et al 1983) , but more recent measurements in which great care was taken to minimize potential contamination revealed higher ratios, up to about 5,000 (Hiyagon et al 1992 , Valbracht et al 1997 .
The relationship between He and Ar isotopes is shown in Figure 5 . What is apparent from this figure is that a large range of Ne, this isotope ratio provides no mechanism for correcting for air contamination. In principle, if the Ne/Ar ratios of the contaminant and mantle are known, then the correction calculated from Ne can be used to estimate a correction for the other noble gases as well (Farley & Poreda 1993) . In some cases this correction clearly does not work, but in others it may .
Xenon
Xe is a particularly challenging element for mantle noble gas geochemists. There are nine isotopes, several of which are produced by radioactive decay. Isotopic variability from the decay of the extinct nuclides 129 I and 244 Pu potentially constrain the very early degassing history of the Earth, while spontaneous fission of 238 U produces several Xe isotopes over the duration of Earth history. The challenge lies in determining the abundances of so many isotopes of the rarest stable noble gas with sufficiently high precision to quantify these nuclear effects.
The most common result of Xe ratios compared with those of the atmosphere ( Figure 6 ). The observed anomalies are up to about 25% for each ratio, but most are <10%. He mantle is air-like or that the relative abundances of the noble gases in the contaminant and the mantle are such that Ne may be minimally contaminated while Xe is dominated by air contamination. Preferential air contamination of Xe may occur, for example, as a consequence of adsorption of atmospheric Xe on materials exposed to magmas.
The only high 3 He/ 4 He samples reported to have non air-like Xe compositions are Samoan xenoliths (Poreda & Farley 1992 Xe in these suites are indistinguishable from that found in MORBs (Figure 6 ). Unfortunately these data cannot be used to uniquely characterize the high 3 He/ 4 He mantle, even though one of the suites has a 3 He/ 4 He ratio only slightly lower than Loihi Seamount. Uncertainty in the interpretation of these data arises from the colinearity of the Samoan and MORB data in Figure 6 . The He and Xe data (as well as Ne and Ar) from the Samoan xenoliths can be explained by mixing between MORB-like noble gases and a high 3 He/ 4 He source with air-like Xe. However, they can be equally well interpreted as mixing between MORB-like noble gases and a high Xe anomalies the product of decay of extinct 244 Pu occurring in the first few hundred million years of Earth history, the product of 238 U fission over the age of the Earth, or some combination of both? Although both parents fission to the same Xe isotopes, their yield spectra are slightly different. Attempts to discriminate between the two parents using Xe in mantle samples has yielded varying results because of large analytical uncertainties (Staudacher & Allegre 1982 . Several unusual CO 2 well gases, thought to derive in large part from the MORB mantle (Staudacher 1987) , have very well-determined Xe isotope ratios similar to those of MORB glasses. Phinney et al (1978) suggested that the heavy Xe isotopes in these gases were derived at least 80% from 238 U fission. However, the relationship of this gas to the MORB mantle has been questioned (Ozima et al 1985 . Furthermore, this deconvolution is sensitive to the baseline Xe composition assumed. The isotopic composition of terrestrial Xe is unique in the Solar System, so it is difficult to estimate the composition with which the Earth accreted 207 simply from analyses of meteorites. The atmospheric composition is an inappropriate baseline because it may have experienced isotopic fraction and it must carry Xe derived from radioactive decay and outgassing occurring over the age of the Earth. Thus even if we had high precision Xe analyses of mantle samples, it is unclear that this issue could be resolved simply from the yield spectra.
As an alternative approach, Ozima & Zashu (1991) have analyzed the Xe isotopic composition of mantle-derived diamonds. Although the origin of gases in diamonds is unknown and probably complex, Xe in diamonds is strikingly similar to that carried by other mantle samples (Figure 6 ). In addition to their relatively high precision, the importance of the diamond data is that they represent snapshots of the mantle isotopic composition through time. Ozima & Zashu (1991) estimated that their diamonds are likely to be older than 1 Ga. If the heavy Xe anomalies were a consequence of decay of extinct 244 Pu, then the similarity between MORBs and diamonds is reasonable: The isotopic signature was produced shortly after terrestrial accretion. In contrast, if the heavy Xe anomalies are from the decay of long-lived 238 U, then one would intuitively expect MORBs to have higher anomalies because they have continued to evolve after the diamonds locked in their Xe composition. Thus, these data suggest the major source of 136 Xe is 244 Pu, which is also in agreement with constraints on the Pu/U ratio of the solar nebula . Nevertheless the origin of the Xe anomalies is still the subject of debate.
INTERPRETATIONS AND MODELS
The noble gas isotopic variability of mantle-derived samples requires the existence of three endmember compositions associated with MORBs and high 3 He/ 4 He and low 3 He/ 4 He lavas. Whether the mantle actually is composed of a few distinct sources that mix to form the spectrum of compositions observed in oceanic rocks, or if instead these endmembers reflect the extremes in degree of mantle processing, cannot be determined from geochemical data alone. Noble gas isotopic ratios constrain the time-integrated ratio of the noble gases to their parent nuclides, which can vary for a variety of reasons, including degassing, transfer of volatile phases within the mantle, or addition of volatiles to the mantle from external sources. An alternative class of explanations, not yet well developed, is that the parent abundances are variable and that variations in the daughter element concentrations are less significant (e.g. Graham et al 1996) .
From its initial discovery, nearly all workers have accepted that mantlederived 3 He is primordial, i.e. a vestige of that which was originally accreted. Its strong tendency to partition from mantle solids into melts and from there into magmatic gases leads to the expectation that mantle outgassing is likely the dominant player in controlling its distribution. Unlike most other elements, He is unlikely to be returned to the mantle once it is injected into the atmosphere, primarily because it is rapidly lost from the atmosphere to space. Thus 3 He in mantle samples is generally thought to be both primordial and juvenile (i.e. arriving at the Earth's surface for the first time).
As an alternative to a primordial source for mantle 3 He, Anderson (1993) suggested that all mantle 3 He might be attributed to relatively recent subduction of 3 He-rich interplanetary dust particles within seafloor sediments (Merrihue 1964) . Several lines of reasoning have been offered to refute this idea. Most obviously, the flux of 3 He out of the mantle at oceanic ridges far exceeds the current flux of 3 He from space (Allegre et al 1993) . Although a higher extraterrestrial 3 He flux in the remote past cannot be ruled out, there is no reason to believe this is so (Trull 1994) . Second, diffusion measurements suggest that He is lost from interplanetary dust at sufficiently low temperatures that it is probably completely removed within subduction zones (Hiyagon 1994). Finally, mantle He/Ne systematics are inconsistent with subducted extraterrestrial matter (Allegre et al 1993 Ar ratios, the MORB mantle is poor in primordial volatiles. This is usually attributed to extremely efficient extraction of volatiles from the MORB reservoir and a major (and still ongoing) role for this reservoir in the atmospheric formation process. If atmospheric Xe is predominantly derived from outgassing of the mantle, then the distinction between MORB and atmosphere in 129 Xe/ 130 Xe requires that these reservoirs separated and became isolated from each other before disappearance of 129 I, i.e. within ∼100 Ma after cessation of nucleosynthesis. This would require a very early pulse of atmosphere formation, followed by long-term isolation of the MORB and atmospheric reservoirs (Staudacher & Allegre 1982 .
The origin of the high 3 He/ 4 He component is more complex. The most common interpretation is that this reservoir has been largely isolated from outgassing and atmosphere formation, presumably by its location within the deep mantle. The heavy noble gas data are also consistent with this interpretation. Based on early results that showed nearly air-like Ar in Loihi Seamount lavas, coworkers (1983, 1986) suggested that this reservoir was essentially undegassed. More recent data (Valbracht et al 1997) require some degassing, but both He and Ne (for which good endmember compositions are available) indicate that it must be substantially less degassed than the MORB source.
Much attention has focused on relating the high 3 He/ 4 He source to the mantle endmembers, identified on the basis of the isotopic ratios of Sr, Nd, and Pb in oceanic lavas, in an effort to understand the source's origin. Although some authors have argued for decoupling of noble gas and lithophile isotope degassing process through mass balance equations among mantle and atmospheric reservoirs. Early models (see Ozima & Podosek 1983 for a review) were based on a single isotopic system (usually Ar), but more sophisticated recent models attempt to accommodate constraints from several of the noble gases. Simultaneous modeling of all the noble gases allows additional temporal information and potentially identifies the outgassing mechanism (because of variability in ingrowth time scale and geochemical behavior of the noble gases).
In following early thinking about the geochemical structure of the mantle, these models usually assume geochemically distinct upper and lower mantles whose chemical compositions are essentially homogeneous. These reservoirs are linked to the MORB (upper) mantle and the high 3 He/ 4 He (lower) mantle sampled best at Loihi Seamount. These reservoirs may be synonymous with the depleted and "primitive" or "undepleted" mantle, but this is not necessarily so . Such a layered two-reservoir mantle is obviously an oversimplification of the Earth, but the problem is only marginally constrained by existing data for a two reservoir mantle and it becomes seriously underconstrained when more reservoirs (whose composition is not presently known) are allowed.
Several models that attempt to simultaneously account for all of the radiogenic noble gases have been offered. The models developed by Allegre and coworkers (1986) and by Zhang & Zindler (1989) and Azbel & Tolstikhin (1990) assume that the upper and lower mantle reservoirs are and always have been very well isolated from each other (with the possible exception of some He exchange). The atmosphere is the complement to a degassed upper mantle, whereas the lower mantle remains relatively undegassed. In the model presented by Allegre et al (1986) , the noble gases are assumed to be extracted from the mantle by a bulk degassing process, i.e. one that does not fractionate the noble gases from each other. With this assumption, observed noble gas systematics (primarily Ar and Xe isotopic ratios) can be accounted for by calling upon a two-stage outgassing process, in which a period of extremely rapid ("catastrophic") degassing occurs shortly after accretion, followed by a slowly declining degassing rate over the remainder of Earth history. In contrast, Zhang & Zindler (1989) accounted for the same set of observations with a single-stage degassing process, but one in which the noble gases are extracted at a rate inversely proportional to their solubility. In such a model, the less soluble heavier noble gases are extracted more rapidly than the lighter noble gases via bubble formation and removal from a magma. Regardless of this detail, both models indicate that the upper mantle is extremely outgassed, probably over 98% of the primordial volatiles have been removed, and most of this removal occurred very early in Earth history.
These models were based on data that have improved since publication of the models. For example, the 40 Ar/ 36 Ar ratio of the lower (Loihi) mantle is now clearly substantially higher than these authors assumed. This observation can be accommodated within the models fairly easily and would lead to quantitatively different but qualitatively similar results (Y Zhang, personal communication). More importantly, new Ne isotopic data require that the atmosphere has not been closed to extraterrestrial exchanges, in violation of model assumptions. If Ne was fractionated by hydrodynamic escape, then these models are still tenable, provided loss of Ar and Xe did not also occur, because most of the information comes from the latter gases. The models are largely untenable if the atmosphere has substantial sources other than degassing of the solid Earth.
A fundamentally different approach has been suggested by O'Nions & Tolstikhin (1994) and explored in detail by Porcelli & Wasserburg (1995a , 1995b . Following ideas developed for Pb (Galer & O'Nions 1985) and He (Kellogg & Wasserburg 1990 ) isotope systematics of the upper mantle, these authors considered a lower mantle that is largely undegassed and an upper mantle that is in steady state between loss via volcanism and injections from the lower mantle via plumes, from the atmosphere via subduction and from in-situ radioactive decay. In contrast to previous models, exchange between the upper and lower mantle is required. In the model of Porcelli & Wasserburg, the noble gases are assumed to degas from the upper mantle with equal efficiency (bulk degassing), but they may be fractionated during the subduction process. The upper mantle is then a dynamic reservoir that, because it is not simply residual to the atmosphere, cannot be used to uniquely constrain the degassing history of the solid Earth. In the context of such a model, most of the radiogenic noble gases in the upper mantle are derived by in situ decay, but because 129 I is extinct, the anomalies in 129 Xe/ 130 Xe ratio must be inherited from the lower mantle. Thus this model is at odds with the interpretation that Loihi Seamount samples with air-like Xe represent the lower mantle composition, and such values would have to be the product of atmospheric contamination. Furthermore, in this model there is no way for the Xe in the atmosphere to be derived exclusively from degassing of known solid Earth reservoirs. An addition of Xe from a source with high Xe/I ratio (such that no 129 Xe anomalies are present) is required. Such xenon may have derived from late addition of cometary material.
All of these models indicate a very large concentration contrast between the degassed and undegassed reservoirs, typically on the order of 50-100 times. The available data do not obviously indicate such a contrast. For example, if the Loihi source, with a 3 He/ 4 He ratio of 30 R A , has 100 times more He than the MORB source, then over a large range of mixing proportions between these two sources, nearly all He would be derived from the high Thus it is surprising that so many hotspot volcanos have 3 He/ 4 He ratios that are intermediate between 30 and 8 R A (Figure 2) ; one would instead expect to find many localities with 3 He/ 4 He ratios that are indistinguishable from the high 3 He/ 4 He endmember. Similarly, the lack of curvature in isotope ratio-isotope ratio plots involving He and the lithophile tracers (Graham et al 1996 , Eiler et al 1997 is not consistent with such a large concentration contrast. It is possible that mantle plumes are stripped of a large fraction of their He prior to mixing, but such an explanation is ad hoc. Further work is needed to understand these paradoxical observations.
CONCLUSIONS
The database presently available for mantle noble gases provides a fairly clear picture of He isotopic variability within the mantle and a preliminary indication of the isotopic systematics of the heavier noble gases. The major uncertainty in the mantle composition remains atmospheric contamination of the heavier noble gases, and in general only limits to the mantle composition have been established. The problem is particularly severe for Xe. Future advances in characterizing heavier noble gases in the mantle will rely on either (a) the discovery of unusual samples with high mantle noble gas concentrations that are comparatively immune to contamination effects [e.g. gas-rich xenoliths or OIB glasses erupted at great depth (Poreda & Farley 1992 , Valbracht et al 1997 ] or (b) development of improved analytical techniques that can isolate the mantle component from the contaminant. One promising new technique for isolating mantle gases is laser extraction; apparently in some cases, mantle and atmospheric gases are spatially resolved at the millimeter to submillimeter scale and can be partially isolated using a laser microprobe (Burnard et al 1994 , 1997 , Farley & Craig 1994 .
The presently available data can be reasonably explained by variations in the degree of mantle degassing. Most simply, the isotopic data suggest the existence of a highly degassed MORB mantle and a less degassed reservoir sampled at some ocean islands. Intermediate compositions may represent mixtures between these two reservoirs. This conclusion is most evident from the He isotopic data and is the traditional explanation for mantle noble gas isotopic variability. The heavier noble gases can also be explained within such a framework and suggest that much of the degassing occurred very early in Earth history. However, a more detailed interpretation is hindered by uncertainties regarding the degree of atmospheric contamination present in samples and by poor knowledge of the mechanism that has extracted gases from the Earth and of the geochemical behavior of noble gases. The apparent lack of extreme concentration contrast between the supposed "degassed" and "less degassed" sources is surprising and may indicate that alternative explanations are necessary. Further progress in this area will require simultaneous consideration of noble gases and lithophile element isotope ratios and their relevant parent/daughter geochemical behavior, strongly coupled to mantle geodynamic models.
The origins of the atmosphere and of the primordial gases accreted within the Earth are critical to interpretations of the geochemical evolution of the Earth system. High 20 Ne/ 22 Ne ratios in mantle samples and the success of the model developed by Honda and coworkers for rationalizing mantle He-Ne isotopic systematics by assuming solar-like He isotope and He/Ne ratios provide strong evidence for a solar-like source for gases in the solid Earth. However, the composition of Ne in the atmosphere is clearly not solar-like, requiring either a different source for the atmosphere or mass fractionating escape of Ne from the early atmosphere. The recent suggestion of solar-like Xe in CO 2 well gases (Cafee et al 1988) , if confirmed for the mantle in general, would have serious implications for this debate because it would become increasingly difficult to fractionate the atmosphere in the appropriate way. The origin of the atmosphere remains a critical and still unresolved question.
